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ABSTRACT: The amyloid-β peptide is correlated with Alzheimer’s disease and is assumed to cause toxicity by its interaction with 
the neuron membrane. A custom-made microscope objective based on the supercritical angle technique was developed by our 
group, which allows investigation of interfacial events by performing surface-sensitive and low-invasive spectroscopy. Applied to 
Raman spectroscopy, this technique was used to collect information about the structure of polypeptides that interact with a support-
ed lipid bilayer. Notably, the conformation used by amyloid-β(1–40) and amyloid-β(1–42) when interacting directly with or next to 
the supported lipid bilayer was characterized. We observed two distinct secondary structures, α-helix and β-sheet, which were ex-
hibited by the peptide. These two structures were detected simultaneously. The propensity of the peptide to fold into these struc-
tures seemed dependent on both their number of amino acids and their proximity with the supported lipid bilayer. The α-helix struc-
ture was observed for amyloid-β(1–42) fragments that were closer to the lipid bilayer. Peptides that were located further away from 
the bilayer favored the β-sheet structure. Amyloid-β(1–40) was less prone to adopt the α-helix secondary structure. 
Proteins and polypeptide chains are major actors in biochemis-
try. Their functions are intrinsically based on their amino acid 
sequence and their three-dimensional structure, which exhibit 
the proper chemical groups and/or environment for specific 
biological reactions. Their structure, which is also called their 
conformation, is stabilized by numerous non-covalent interac-
tions between the amino acids of the peptide chain1,2. After 
synthesis of the molecule in vivo, its conformation is reached 
in a short time frame by the gathering of smaller local struc-
tures, called secondary structures. The most important second-
ary structures are called α-helix and β-sheet. However, incor-
rect conformations can be formed, which are stable enough so 
that restructuring toward the correct functional structure does 
not occur3. These “misfolded” polypeptides are likely to pro-
mote health problems by canceling the necessary biological 
functions or gaining toxic properties4,5. Some of these poly-
peptides are known to be prone to misfolding and are recog-
nized as the main cause of various diseases, such as Alz-
heimer’s6,7, Parkinson’s8–10, or type 2 diabetes11. For example, 
Alzheimer’s disease is a neurodegenerative disease of particu-
lar interest that has characteristic extracellular deposition of 
aggregated amyloid-β peptides (Aβ) as a plaque surrounding 
the neurons7.  Aβ is a small peptide that is produced from the 
cleavage of a transmembrane protein called amyloid-β precur-
sor protein (APP). Aβ fragments can have different sizes de-
pending on the number of remaining amino acids after APP 
cleavage. However, the most common Aβ peptides in Alz-
heimer’s plaque have 40 or 42 amino acids12,13. The native 
structure of Aβ is usually described either as a random coil in 
aqueous solution14 or as a small α-helix when interacting with 
membrane or hydrophobic surfaces15,16. Upon aggregation, this 
peptide exhibits a specific structure that is known as amyloid 
fibril, which consists of a stack of β-sheets perpendicular to 
the fibril axis17,18. The cause of its toxicity toward neurons 
remains unclear. Different effects have been observed follow-
ing peptide aggregation, which could justify the neuronal 
death encountered in the brain of disease patients. These ef-
fects include oxidation of lipid molecules in neuron mem-
branes 19,20, lipid mobility hindrance within the bilayer21, and 
pore-like channel formation through the cell membrane22–24. 
Different in vitro lipid structures have been established to 
study their interaction with peptides, assuming that the behav-
ior of these models can be partially extrapolated to a real neu-
ron membrane in vivo25,26. Among these models, supported 
lipid bilayers (SLBs) are planar fluid membranes that are 
formed by deposition and fusion of unilamellar vesicles 
(ULVs) onto hydrophilic substrate27. A SLB is easy to form on 
a support and it is attractive because of its simplicity. It also 
forms directly on an interface between the support and the 
sample medium. This last feature makes the SLBs particularly 
suitable for surface-sensitive techniques because the interac-
tion with peptides will occur only within this interfacial re-
gion. Supercritical angle spectroscopy is one of these surface-
selective techniques. It allows differentiation between species 
that emit a signal from the interface and those that protrude 
above the interface or diffuse in the bulk solution, without a 
washing step to remove unbound molecules. The capability to 
observe processes at, and close to, the surface simultaneously 
allows high precision kinetic studies to be performed and axial 
resolution of molecule localization down to 1 nm. This is 
achieved by collecting the photons above the angle of total 
internal reflection (critical angle) at a glass–water interface. 
Molecules that are situated near such an interface between two 
media of different refractive indexes that emit a significant 
part of their radiation above the corresponding critical angle 
(supercritical light). This portion of the signal decreases expo-
nentially with the axial distance between the emitters and the 
interface. A specific collection of the signal above the critical 
angle typically excludes the signal that is emitted beyond a 
range of approximately 200 nm from the interface, with a 
detection efficiency that decreases exponentially28,29. In addi-
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tion, the undercritical angle signal can be collected simultane-
ously. The latter collection corresponds to the output of a 
traditional confocal microscope. It allows detection of photons 
emitted above the interface with a collection efficiency that 
extends up to ~2.5 µm on the axial axis30.  Supercritical angle 
spectroscopy has been used to study the interaction between a 
negatively charged SLB and various peptides by measuring 
the fluorescence signal31,32. Beyond this, the supercritical angle 
technique was recently applied to Raman spectroscopy33. 
Briefly, classical Raman spectroscopy is a label-free technique 
that detects the inelastic scattering of incident monochromatic 
photons upon excitation of the sample34,35. Quantum vibration-
al energy exchange between the photons and the sample in-
duces vibrational excitation of the studied molecule. When 
these vibrations within the bounds of the molecule yield a 
change in polarizability, a Raman signal is observed. From 
this signal, information about the molecular bonds inside the 
sample can be extracted. When applied to the study of proteins 
or polypeptides, the analysis of specific peaks in the Raman 
spectra allow characterization of the secondary structures that 
are present in the molecular conformation36. Because Aβ is a 
polypeptide chain of approximately 40 amino acids, such 
secondary structures are close to the general conformation of 
the molecule despite the lack of defined tertiary structure. 
However, inelastic Raman scattering is a rare event because of 
the typical small Raman cross-sections37. Approximately one 
photon out of 1010 is scattered inelastically. In addition, a high 
concentration of protein or peptide (10–100 mg/mL) is often 
required to measure spontaneous Raman scattering. Tech-
niques are known to overcome these disadvantages, such as 
surface-enhanced Raman spectroscopy (SERS). In SERS, the 
incident photons interacts with noble metal nanostructures, 
leading to a local increase of the electromagnetic field near the 
nanostructure38. This local increase of the electromagnetic 
field is called localized surface plasmon resonance (LSPR). A 
molecule situated near such a LSPR can yield a 107–108-fold 
enhanced signal upon interaction with the electromagnetic 
wave39. The combination of supercritical/undercritical angle 
detection scheme with Raman spectroscopy provides unique 
information about the spatial location of the chemical groups 
because of the simultaneous collection of interfacial and bulk 
sample signals. This feature suggests the great potential of the 
supercritical angle technique as a characterization technique.  
MATERIAL AND METHODS 
Setup design and measurements 
A custom-made microscope objective was used to collect the 
near-field and far-field Raman signal that arises from angles 
that are higher and lower than the critical angle, respectively, 
and they are hereafter referred to as supercritical angle Raman 
(SAR) and undercritical angle Raman (UAR), respectively. 
For a glass–water refractive index discontinuity, this critical 
angle is 61°, based on the formula θc = arcsin(nwater/nglass)40. 
Therefore, the objective is designed with an internal parabolic-
shaped lens that is able to collect radiation from above θc for 
an aqueous sample or a solution with the same refractive index 
as water (n = ~1.33). Undercritical light is transmitted through 
a collection of lenses with a numerical aperture equal to 1.0, 
which is also used to focus the excitation light (see Supporting 
Information S1). The custom-made objective is mounted on an 
inverted Olympus IX71 (Olympus Europa GmbH, Hamburg, 
Germany). A power tunable diode laser emitting at 633 nm 
(TOPTICA iBeam Smart; TOPTICA Photonics AG, Munich, 
Germany) was used as an excitation light source. Optical parts 
are assembled to drive the collected SAR/UAR signal simulta-
neously as two concentric collimated beams. They are separat-
ed through a 45° mirror toward two identical single-photon 
avalanche diodes (SPADs). The separated signals could oth-
erwise be injected into a multimode fiber toward a −70°C-
cooled charge-coupled device (CCD) camera. The splitting 
between two detectors allows comparison between the signals 
mentioned before. See Verders et al. and Serano et al. for a 
detailed description of the optical setup30,33. The Raman signal 
was recorded using a power of ~50 mW, with an acquisition 
time of 15 s and accumulation over ten spectra. Each experi-
ment was realized in triplicate and Raman signal measured at 
(22 ± 1) °C. Blank baseline subtraction and deconvolution of 
the amide I signal into Gaussian peaks were performed with 
Origin software (OriginLab, Northampton, Massachusetts, 
USA).  
Lipids and peptides handling 
1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-
dioleoyl-sn-glycero-3-phospho-L-serine (DOPS) in chloro-
form were used as received (Avanti Polar Lipids, Alabaster, 
Alabama, USA). Fluorescently labelled 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine powder (DOPE-Atto647; 
Atto-tec GmbH, Siegen, Germany) was diluted in chloroform. 
A mixture of 65% DOPC:35% DOPS was the ratio that was 
selected for all SLB. When experiments required fluorescent 
SLB, DOPE-Atto647 was added to the lipid mixture to 
achieve a mass ratio of 1/62500. This amount was determined 
to give an optimum fluorescence signal using the supercritical 
angle fluorescence (SAF) technique. The following protocol 
was used for both fluorescent and non-fluorescent SLB. The 
lipid solution was stirred under nitrogen then left under a 
vacuum (10 mbar) overnight to remove any trace of solvent. 
Dried lipids were resuspended in degassed “membrane buffer” 
(NaCl (100 mM), CaCl2 ● 3H2O (5 mM), Tris (10 mM), pH 
7.4; Sigma Aldrich, Buchs, Switzerland) and extruded at least 
20 times through a porous membrane (0.1 µm pore size) to 
yield unilamellar vesicles with a homogeneous size distribu-
tion. The vesicle solution was then diluted in the membrane 
buffer to a concentration of 1 mg/mL. A glass coverslip was 
glued onto a metal plate after cleaning (cycle of Deconex11, 
ethanol and Milli-Q water in ultrasonic bath) and O2 plasma 
treatment was used to make the coverslip surface more hydro-
philic. Then, 50 µL of the lipid solution were poured into the 
sample plate well. When the lipid vesicles that were adsorbed 
on this coverslip reached a critical concentration, the vesicles 
fused to form a SLB. Non-disrupted vesicles were removed by 
extensive washing with the membrane buffer. Finally, SLB 
was left to stabilize for at least 1 hour with PBS (Sigma Al-
drich) before any measurement.  
Monomeric Aβ(1–40) and Aβ(1–42) (Rockland, Pennsylvania, 
USA) powders featured a purity greater than 95%, according 
to the HPLC data of the supplier. Peptides were reconstituted 
in a 1% NH4OH solution, then immediately diluted in PBS. 
The solution was centrifuged at 12,000 rpm for 10 min and 
any undissolved material was removed. Peptides were aliquot-
ed at a concentration of 1 mg/mL and stored at −20°C until 
use. For measurement of the peptide Raman signal, 0.05 mg of 
Aβ dissolved in 50 µL PBS was pipetted onto the SLB. Be-
cause the collection of Raman signal and especially SAR 
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requires a high concentration of peptides, the sample solution 
had an initial peptide concentration of 0.1% (m/v) and was left 
to evaporate while recording constantly until the amide I re-
gion (1640–1690 cm−1) was visible. This evaporation proce-
dure was not performed during the SERS measurements. The 
total amount of peptides in each experiment was 0.1 mg with a 
lipid : peptide molar ratio of 5.5 × 10-3 and an initial peptide 
concentration of 0.1 % (m/v). 
Silicon nanofilaments embedded with gold nano-
particles 
Silicon nanofilament (SNF) coating was deposited via chemi-
cal vapor deposition (CVD) onto glass slides and functional-
ized following the protocol of Chiang et al41. The substrate 
was then treated with an oxygen plasma for 5 min at 100 W to 
become superhydrophilic. Before synthesizing gold nanoparti-
cles, all glassware and stir bars were first cleaned with aqua 
regia solution (HCl/HNO3, volume ratio of 3:1) to make sure 
that no metal ions remained and then they were washed with 
deionized water. The gold nanoparticles (AuNPs) were syn-
thesized using a modified Turkevich method. First, 0.5 wt% 
HAuCl4, 1 wt% trisodium citrate, and 0.1 wt% AgNO3 were 
prepared in aqueous solutions and these three solutions were 
stored at 4°C. Subsequently, a solution was prepared by mix-
ing 85 μL AgNO3 and 2 mL HAuCl4, and then various 
amounts of trisodium citrate aqueous solution (0.4 mL or 3 
mL) were added to the solution, respectively. This solution 
was further diluted with deionized water to a total volume of 5 
mL. The prepared slides were placed into a reaction container 
with 95 mL deionized water. The prepared solution was in-
jected into the container until the water began to boil. The 
solution color turned from light yellow to purple to ruby red. 
Various sizes of AuNPs were obtained after the 1-hour reac-
tion, depending on the trisodium citrate solution volume that 
was added. 
RESULTS AND DISCUSSION 
Characterization of lipids 
In the first step, fluorescence imaging was performed to assess 
the successful formation of the SLB, before recording the 
Raman signal (see Supporting Information S2). Subsequently, 
Raman measurements have been executed with fluorescent 
DOPE-free SLBs. Although the formation of the bilayer could 
be confirmed, the current system could not collect the Raman 
scattering from a unilamellar bilayer with SAR or with UAR 
(Figure 1.a). The SLB had a thickness of about 4.93 nm42, 
which led to dominance of the supernatant water molecule 
background in the Raman signal despite their intrinsically low 
Raman cross-section scattering. The interfacial selectivity of 
the supercritical angle system prevented dominance of the 
water band at 3300 cm-1, but the characteristic peaks of the 
lipid molecules were still not visible. As mentioned previous-
ly, the SLB thickness limited the number of available photons 
that were scattered from lipids. In addition, classical Raman 
technique has a low sensitivity. This disadvantage was con-
firmed in other reports, and therefore the study of such a 
membrane model via Raman spectroscopy is usually achieved 
 
Figure 1. (a) SAR/UAR spectra of non-fluorescent SLB compared 
with pure water, (b) SAR/UAR spectra of multilamellar lipid 
structure/vesicles with a minute amount of DOPE-Atto647. See 
Table 1 for peak assignment. 
Table 1. Raman shifts and assignments in Fig. 1  
Wavenumber (cm-1) Assignment 
2902 (1) CH2 fermi resonance  
2872 (2) CH2 sym. stretching 
1742 (3) C=O stretching 
1665 (4) C=C 
1451 (5) CH2 scissoring 
1309 (6) CH2 twisting 
1265 (7) =C-H in plane  
1084 (8) C-C stretching 
958 (SAR) (9)  O-P-O sym. stretching 
using enhancement techniques43–45. From our result, we con-
cluded that the signal of unilamellar SLB is not detected using 
classical Raman spectra. The Raman spectra of peptides would 
not be broadened by SLB scattering if both species are present 
in the sample, and only the interactions with the SLB would 
influence the peptide signal. This might be an advantage to 
specifically observe the Aβ signal upon adsorption on a lipid 
bilayer. However, to confirm that the absence of the lipid 
signal was caused by an insufficient amount of lipid mole-
cules, further measurements were reproduced while targeting 
multilamellar bilayers or undisrupted vesicles. Omission of the 
extrusion process described in the lipid handling section yield-
3 
 
ed the stacking of the vesicles in these lipid structures. For this 
experiment, the use of a minute amount of fluorescent DOPE 
allowed specific targeting of these stacking areas by fluores-
cent mapping of the sample (Supporting Information S2). The 
collected Raman spectra (Figure 1.b) displayed a fluorescence 
band component, but the peaks protruding from the fluores-
cence baseline allowed characterization of the lipids and 
proved this method to overcome the poor signal-to-noise issue 
encountered with unilamellar SLB. Assignment of the peaks is 
reported in Table 1 46. One sharp peak that was specific to the 
SAR spectrum and interfacial region was situated at 958 cm−1, 
and it corresponded to O-P-O symmetric stretching47. The 
intensity of this peak might be caused by the packing of the 
lipid polar head near the substrate. In conclusion, it was shown 
that unilamellar SLB was not detected with classical Raman 
spectroscopy because of a lack of photon scattering from the 
lipids. However, an increase of the amount of lipids within the 
detection volume by applying multilamellar layers led to the 
detection of scattered photons without using any enhancement 
techniques.    
Characterization of adsorbed Aβ secondary structure 
In this work, the scattered Raman signal was recorded for both 
Aβ(1–40) and Aβ(1–42) adsorbed on unilamellar SLB com-
posed of 65% DOPC and 35% DOPS (without fluorescent 
DOPE). Since the membrane curvature has been showed to 
influence and be influenced by Aβ aggregation, the lipid com-
position is a matter of importance. Significant membrane 
curvature accelerates fibril growth, while flat bilayers exhibit a 
more homogeneous alkyl chains core and trap the peptides 
before seed formation48. DOPE was reported to increase the 
membrane curvature but was not used because of the unde-
sired fluorescent background. While DOPS is normally con-
centrated in the inner leaflet of the bilayer, both DOPS and 
DOPC molecules exhibit rather cylindrical shape49. This fea-
ture combined with the properties of a homogeneous SLB 
suggested a low curvature of bilayer used in the following 
experiments. The same area of the sample was targeted to 
collect undercritical angle and supercritical angle scattered 
Raman data (UAR/SAR) (see Supporting Information S3). An 
exhaustive analysis of Aβ peaks has been realized by Dong et 
al50. However, the analysis of the amide I peak is the first step 
toward the elucidation of Aβ secondary structures. As previ-
ously mentioned, this spectral region is located between ~1640 
and 1690 cm−1 and primarily represents the C=O stretching of 
the amide bonds. Some discrepancies were found in the litera-
ture about the frequency of the Raman signal that is associated 
with secondary structures36,51–53. For the most part, references 
in literature define an amide I peak at 1650 ± 10 cm−1 as typi-
cal of α-helix structures, while a peak around 1670 ± 10 cm−1 
denotes the presence of β-sheet structures. Some authors at-
tribute a value between 1660 and 1670 cm−1 to a disordered 
secondary structure. The amide I signal was deconvoluted into 
Gaussian peaks and assigned based on the above-mentioned 
references. Aβ(1–42) spectra in the UAR and SAR channels 
exhibited some discrepancies. First, the UAR intensity was 
higher than SAR. It was easily explained by the larger collec-
tion volume of the UAR technique. In addition, the areas of 
the deconvoluted peaks and their ratios in the two spectra were 
different. Small shifts in the wavenumbers of analogous de-
convoluted peaks were also observed between the UAR and 
 
Figure 2. (a) Amide I and III regions of SAR and UAR spectra of 
Aβ incubated on SLB after partial evaporation of the buffer (27-
30 h). Amide I is deconvoluted into α-helix (purple) and β-sheet 
peaks. (b) Scheme of the hypothetical structure of Aβ(1–42) that 
is adsorbed onto SLB. (c) Scheme of the hypothetical structure of 
Aβ(1–40) adsorbed onto SLB.  
SAR spectra. These variations showed that the structure of Aβ 
was influenced by its proximity with the SLB. The SAR amide 
I of Aβ(1–42) was deconvoluted into two peaks whose maxi-
ma were at 1660 and 1689 cm−1 respectively (purple and red 
peaks in Figure 2.a). The former shift value corresponded to a 
structure between an α-helix and a disordered structure, while 
the latter was attributed to a β-sheet structure blue-shifted 
towards higher vibration frequencies. Both secondary struc-
tures appeared in the supercritical angle emitting region, near 
the interface. However, the β-sheet peak area only represents 
46.9% of the α-helix peak area, dominant in SAR. In the UAR 
spectrum, the amide I was also deconvoluted into two peaks 
situated at 1648 and 1683 cm−1, attributed to α-helix and β-
sheet. In the UAR spectrum, the area of the peak attributed to 
α-helix was only 3% of the β-sheet peak area and hardly dis-
tinguishable from the baseline. Further evidence of the pre-
dominance of β-sheet in UAR was found in the amide III 
region where the β-sheet peak at 1242 cm−1 protruded from the 
baseline. This evidence of reversed dominant structure exhib-
ited by the peptide in UAR and SAR showed a tendency to-
wards the α-helix structure when the peptide was close to the 
lipid media. This hypothesis is in agreement with other re-
search where the α-helix structure featured an enhanced stabil-
ity in organic solvent or other low polarity media15,54,55. Ac-
cording to these results, the charged residues of Aβ are more 
homogeneously distributed in the α-helix conformation of the 
molecule, preventing dipole formation. This apolar structure 
renders its insertion into a hydrophobic core, such as a lipid 
bilayer, more favorable. Conversely, Aβ seems prone to adopt 
a random coil structure in aqueous media, or to fold as a β-
sheet when a critical concentration is reached. This was con-
firmed by the large predominance of the β-sheet peaks in the 
UAR spectrum, where most of the scattered light comes from 
the volume above the interfacial SLB. The most interesting 
interpretation of these results is that both secondary structures 
coexisted simultaneously in the same area of the sample and 
were differentiated by their axial distance from the lipids. This 
adds details to the common hypothesis about the fibrillation 
process where the structure of adsorbed Aβ is converted into 
the fibril macrostructure (β-sheet stack)15,56–58. A mixture of α-
helix and β-sheet structures was also observed by Sahoo et al. 
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in Aβ interacting with polymer encased lipid-nanodiscs59. In 
their work, slightly acidic pH conditions and a lower peptide-
to-lipids molar ratio promoted an initial folding into helices, 
followed by a transition toward β-sheets. Our data presented 
here in Figure 2.b suggest that the helical secondary structure 
adopted by Aβ remained as an “anchor-like” part even after 
the aggregation of additional peptides into another structure.   
Raman spectra of Aβ(1–40) were also recorded after SLB 
adsorption and analyzed (Figure 2.a). The localization of the 
secondary structures in UAR and SAR was different between 
the two types of peptides. In contrast to Aβ(1–42), the β-sheet 
peak of Aβ(1–40) at 1687 cm−1 was dominant in both SAR 
and UAR. The amide III peak at 1243 cm−1 also assessed the 
presence of β-sheets in the bulk solution. In the UAR spec-
trum, the left part of the amide I peak was deconvoluted into a 
broad peak at 1640 cm−1, which could be attributed to the 
scattering of the α-helix structure. Broadening was interpreted 
as structural variations with different vibrational scattering. 
These structural variations could be the progressive transitions 
from unstable α-helix toward random coil or β-sheet. In SAR, 
besides the β-sheet peak at 1687 cm−1, the deconvoluted amide 
I yielded a peak at 1624 cm−1. However, the latter was too red-
shifted and affected by the baseline noise to be attributed to 
the α-helix. Therefore, transient α-helix structure was assumed 
in the UAR channel only, far from the SLB. This is in contra-
diction with the results of Aβ(1–42) and with the usual hy-
pothesis of Aβ aggregation. It is hypothesized that Aβ(1–40) 
folded into α-helix upon interaction with the lipids might have 
desorbed and are no longer concentrated near the bilayer. This 
greater tendency of Aβ(1–40) to desorb from the membrane 
was observed previously and explained by a weaker insertion 
within the bilayer60. Desorbed Aβ with the α-helix structure 
could interact with the peptides in the bulk solution (UAR), 
which exhibit β-sheet conformations (Figure 2.c). Unfolding 
and transition of the helical structure toward β-sheet might 
occur when the peptide is not inserted in an apolar medium 
anymore.  
Surface-enhanced Raman spectroscopy of amyloid-β 
The use of plasmonic resonance produced by silver or gold 
nanoparticles on vibrational light scattering is widely used and 
is known as SERS. Various methods are available to generate 
the metal plasmon resonance near the sample. In the present 
work, SNFs functionalized with gold nanoparticles were syn-
thesized from trichloromethylsilane (TCMS) and used as a 
substrate for the formation of SLB. The formation of SLB was 
first assessed by fluorescence control with labelled DOPE 
before performing the Raman experiments without DOPE. 
Successful SLB formation was confirmed and the Raman 
spectra of SLB formed on nanofilaments without gold nano-
particles and on bare glass were identical (see Supporting 
Information S4). However, the presence of gold nanoparticles 
affected the Raman scattering of the lipids. The UAR spec-
trum of SLB formed on gold-functionalized SNFs exhibited 
sharp peaks, characteristic of lipids. Those peaks coming 
specifically from the vibration of the lipids are detailed in 
Table 2. However, two intense peaks at 1566 cm−1 and 1330 
cm−1 were observed. These two peaks came from the gold 
substrate or nanoparticles (see Supporting Information S5) 
resulted from the photoluminescence effect of the metal61. 
 
Figure 3. Surface-enhanced SAR and UAR spectra of SLB 
formed on functionalized SNFs. See Table 2 for peak assignment.  
Table 2. Raman shifts and assignments in Fig. 3  
Wavenumber (cm-1) Assignment 
2947 (1) CH3 asym. stretching 
2895 (2) CH2 asym. stretching 
1750 / 1725 (SAR) (3) C=O stretching 
1651 / 1635 (SAR) (4) C=C 
1560 (5) Gold photoluminescence  
1448 (6) CH2 scissoring 
1339 (7) Gold photoluminescence  
1274 (8) =C-H in plane  
The photoluminescence arises from an amplification of the 
electric field close to the metal (up to ~10 nm away from the 
surface plasmon). Despite the photoluminescence effect, the 
SNFs functionalized with gold nanoparticles used for SERS 
(i.e. UAR) and its supercritical angle equivalent (SESARS) 
allowed the detection of photons scattered by a single support-
ed bilayer (Figure 3.b). Both the C=O and C=C stretching 
peaks exhibited a red-shift toward smaller wavenumbers in 
SAR. This is associated with a lower frequency of vibration, 
which may be the consequence of the gold nanoparticles that 
have an impact on the vibrations of the lipid chemical bonds. 
Indeed, the interaction of gold nanoparticles with lipid bilayers 
has been reported to increase the ordering of the lipid phase62, 
which in turn is expected to yield a decrease of the frequency 
of vibration63. This experiment showed that the detection of a 
unilamellar-supported lipid bilayer was possible using the 
SERS technique, and it could be applied to the supercritical 
angle collection of photons.   
The SLB was incubated with an aliquot of Aβ(1–42) (0.22 
mM, 0.1% (w/v)) and the Raman signal was collected. The 
plasmonic surface-enhancement allowed the direct detection 
of the peptide signal, without the need to evaporate the sol-
vent. The SESARS spectrum after incubation with Aβ is 
shown in Figure 4. An intense peak at 1651 cm−1 (purple ar-
row) was correlated to the α-helix secondary structure, appear-
ing after incubation with the peptide. The same structure was 
confirmed by the peak protruding at 1266 cm−1 (purple arrow).  
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 Figure 4. Surface-enhanced SAR (SESARS) and UAR (SERS) 
spectra of SLB after incubation with 0.22 mM Aβ. Peaks of the 
secondary structures of the peptide are indicated by purple (α-
helix) and red (β-sheet) arrows. See Table 3 for peak assignment. 
Table 3. Raman shifts and assignments in Fig. 4  
Wavenumber (cm-1) Assignment 
1561 (1) Gold photoluminescence, 
imidazole (His) 
1470 (2) CH3 deformation 
1442 (3) CH2 scissoring  
1394 (4) Gold photoluminescence 
1327 (5) Histidine ring 
1300 (6) CH2 twisting 
1210 (7) Tyr, Phe 
The peak at 1561 cm−1 (1) was detected before incubation, but 
it was broadened with the C=C signal and attributed to photo-
luminescence. However, its intensity increased drastically 
after incubation with the peptide. Hetero rings were a plausible 
source for this increase because of the three histidine residues 
of each Aβ (His6, His13, and His14). Thus, the peaks at 1561 
cm−1 (1) and 1327 cm−1 (2) (the latter was not visible before 
incubation with the peptide) were attributed to a neutral imid-
azole side chain by Ashikawa et al.64. In addition to the ap-
pearance of the peptide peaks, a disappearance of the SLB 
peaks at 1448 cm−1, 1630 cm−1, and 1725 cm−1 was observed. 
This effect was thought to result from either overlapping with 
the peptide signals or removal of the lipid molecules from the 
surface. The SERS (UAR) spectrum is displayed in Figure 4. 
The amide I and amide III peaks appeared only after incuba-
tion with the peptide. The peak at 1651 cm−1 (purple arrow) 
was identified as α-helix, but the peak at 1677 cm−1 was typi-
cal of β-sheet structure. Some other features were observable 
when comparing the UAR spectra before and after incubation 
with the peptides. The broad peaks at 1571–1630 cm−1 seemed 
red-shifted to 1540–1600 cm−1 as if the corresponding chemi-
cal moieties were subjected to a lower vibration frequency. In 
addition, the characteristic peaks of lipids at 1750 and 1448 
cm−1 were not visible after incubation with Aβ(1–42). These 
results confirmed the hypothesis of the previous section about 
the structure adopted by Aβ(1–42) upon adsorption on the 
bilayer (Figure 2.b), but it did not require solvent evaporation. 
This important feature improved the validity of the structure 
model described before. Unfortunately, little information 
about the structure of the lipid molecules could be extracted 
from this experiment, because their signal disappeared after 
incubation with the peptides.  
Incubation of SLB with peptides and characterization by sur-
face-enhanced Raman was repeated with Aβ(1–40). The 
SESARS and SERS spectra after incubation with the peptide 
are displayed in Figure 4. The two main differences with con-
trol SLB were the apparition of an intense α-helix peak at 
1640 cm−1 (purple) and a group of peaks around 1300 cm−1. 
An amide III peak at 1278 cm−1 confirmed presence of α-helix 
structures. The peaks at 1300 (4) and 1327 (2) cm−1 were 
attributed to the C-terminal methylene twisting vibration and 
imidazole, respectively. In the SERS spectrum, the carbonyl 
peak of the SLB at 1730 cm−1 was not visible after incubation 
with Aβ. The amide III region was too broadened for accurate 
characterization, hence the amide I region was used instead to 
determine the structure of the peptides. Two peaks were de-
tected, corresponding to both α-helix (purple) and β-sheet 
(red) secondary structures. This result was identical to the 
structures observed for Aβ(1–42), indicating a preferential 
folding into helices near the membrane, with a concentration 
of β-sheets above the surface of the SLB. However, this con-
trasts with the structure hypothesized using classical Raman 
spectroscopy. No α-helices were observed near the SLB and 
only a small fraction of their Raman scattering was detected 
above the bilayer. A possible explanation for this apparent 
inconsistency is that results obtained with classical Raman 
required a high local concentration of peptides, which is a 
trigger for the folding of Aβ into β-sheet and their stacking. 
The increased sensitivity of SERS allows the data to be rec-
orded at lower concentration, before a conformational transi-
tion. SERS data recorded after the evaporation of the buffer 
confirmed this hypothesis: the β-sheet peak became dominant 
in both spectra (see Supporting Information S6), yielding 
results similar to normal Raman spectroscopy. 
CONCLUSION 
Raman spectroscopy is a powerful characterization technique 
that allows determination of the covalent bonds within a mole-
cule by vibrational spectroscopy. Applied to biomolecules like 
proteins and polypeptides, it allows the identification of the 
local conformation or secondary structure of the sample. Here, 
Raman spectroscopy was combined with surface-sensitive 
supercritical angle technique to monitor and characterize a 
bio-mimicking system of Alzheimer disease. The system was 
composed of a lipid supporter bilayer (SLB) and Aβ peptides. 
Raman measurements comprised a traditional undercritical 
angle (UAR) and a surface-selective supercritical angle (SAR) 
signal collection. Multilamellar patches or non-disrupted vesi-
cles were required to detect the Raman scattering of the lipids. 
The spectra of the lipids were almost identical for both UAR 
and SAR, except for the lipid phosphate headgroup located 
near the interface and only visible with SAR. We also collect-
ed the Raman spectra of Aβ peptides adsorbed onto a standard 
unilamellar SLB. Comparison between UAR and SAR re-
vealed two secondary structures present simultaneously in Aβ 
aggregates. The location of the two structures was dependent 
on their proximity with the lipid bilayer. Aβ(1–42) located 
close to the lipid surface exhibited a dominant α-helix struc-
ture while the peptides aggregated further away from the 
membrane adopted a β-sheet structure. Aβ(1–40) also exhibit-
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ed the two structures, but the α-helices were no longer specific 
to the surface. Its presence comparably far from the membrane 
suggested that helical peptides might have desorbed from the 
SLB. The structure of the lipids and Aβ peptides was also 
investigated with SERS by formation of the SLB on a layer of 
gold-embedded SNFs. The SERS experiment confirmed with a 
lower concentration of peptides the conformation observed 
previously with classical Raman spectroscopy. This result was 
an example of how the selectivity between UAR and SAR 
could provide advantages when combined, even with an in-
trinsic surface-enhancement technique. The UAR (i.e. SERS) 
spectrum alone would only permit detection of both the α-
helix and β-sheet without any information about their localiza-
tion. However, the presence of only one specific structure in 
Surface-enhanced SAR (SESARS) demonstrated that one 
structure was situated near the SLB surface. Conversely, SAR 
spectroscopy alone would not allow the detection of both 
structures. Discrepancies between the structures observed with 
classical and enhanced Raman were correlated to the peptide 
concentration. Our data suggested that both Aβ variants folded 
into the α-helix during initial adsorption onto the membrane 
(i.e. with a lower local concentration of peptide). Peptides non 
adsorbed or desorbed from the SLB might undergo a transition 
toward β-sheet at high concentrations. However, physiological 
interpretation must be made carefully because of the high 
peptide concentration, even in surface-enhanced Raman. 
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